We report work function and conductivity measurements of the block copolymer poly͑3,4-ethylenedioxythiophene͒-co-poly͑ethylene glycol͒ ͑PEDOT-PEG͒ doped with perchlorate or para-toluenesulfonate anions. The electronic and chemical properties of doped PEDOT-PEG are discussed in the context of the hole injection for organic light emitting diodes. We show that different dopants can result in significant differences in conductivity with only small alterations to the work function.
The convention in organic light emitting diode ͑OLED͒ multilayer structures is to use indium tin oxide ͑In 2 O 3 :Sn or ITO͒ as the transparent anode or conductive hole injection source. Using ITO has led to a string of hurdles that provide an increased degree of difficulty with respect to fabricating devices as well as to reduce the overall efficiency and increase manufacturing costs and power consumption.
1 Some of the problems encountered 2 with ITO are a variability in the work function 3,4 ͑4.1-5.1 eV͒, a large surface roughness, 5 and an oxidative destruction at the overlying emissive polymer interface. 6, 7 To counter the above issues, intermediate polymer layers have been considered such as polyaniline emeraldine [7] [8] [9] or poly͑3,4-ethylenedioxythiophene͒ blended with poly͑styrene-sulfonate͒ ͑PEDOT-PSS͒.
2,10 PEDOT-PSS ͓Fig. 1͑a͔͒ is the conventional hole transport layer, because it provides a reproducible work function, can be cast to give a smooth interface, and hinders oxidation at the emissive interface. 11 Unfortunately, PEDOT-PSS is itself corrosive 12, 13 at the ITO interface due to PSS being a strong acid. Furthermore, from the reported 3, [14] [15] [16] work function values of PEDOT-PSS ͑4.7-5.4 eV͒ relative to ITO, hole injection may be hindered as shown schematically in Fig. 2͑a͒ . Presented herein is an investigation of the work function and conductivity of poly͑3,4-ethylenedioxythiophene͒-copoly͑ethylene glycol͒ ͑PEDOT-PEG͒ doped with perchlorate ͑PC͒ or para-toluenesulfonate ͑PTS͒ anions as an alternative to the high work function and corrosive PEDOT-PSS.
Intrinsically conducting polymers ͑ICPs͒ consist of an extended conjugation along a molecular backbone or chain. It has been shown that oxidative doping transforms the chains from a neutral species to a polycationic species with conductivity increasing by several orders of magnitude upon doping. However, the role of "doping" in conjugated systems is unknown and is a motivation for this work Dispersions of PC-doped PEDOT-PEG and PTS-doped PEDOT-PEG, in nitromethane, at 1 wt. % ͑Sigma-Aldrich No. 64980-5 and No. 64979-1͒ were used to prepare films on Au͑111͒ for work function measurements and on glass ͑boro-silicate͒ for the conductivity measurements. Spin casting was accomplished at 1500 rpm for 30 s per cast layer, allowing the nitromethane to evaporate in air between castings. A total of 10 film castings were used to prepare ϳ1 m thick films. The conductivity measurements were completed by the standard four point van der Pauw method 17, 18 both with silver paint contacts and separately by pressure contacts.
Work function values were determined by comparing the secondary photoemission cutoff, relative to clean gold, with a −3 V applied bias as described elsewhere. 19 All photoelectrons were collected along the surface normal with the light incidence angle grazing from normal ͑p polarization͒ and the incident photon energy was 25 eV. Recently, dispersions of PEDOT block copolymers with PEG have become commercially available ͑Sigma-Aldrich͒ and are produced by TDA Research, Inc. These dispersions are available in nitromethane and propylene carbonate and are doped with either PC or PTS anions. 20 To process without resorting to an in situ polymerization, a variety of colloidal dispersions of PEDOT in water and solvents have been developed including ionic stabilized PEDOT-PSS blends 11 or the sterically stabilized PEDOT-PEG copolymers. 20 The PSS in PEDOT-PSS ͑electronic grade͒ serves two roles: ͑1͒ less than 2% of the PSS is anionic and provides counterions ͑dopants͒ to the oxidized PEDOT chains, ͑2͒ the other 98% of the PSS is acidic and stabilizes the dispersion of the insoluble PEDOT particles in water ͓Fig. 1͑a͔͒. Conversely, the PEG in PEDOT-PEG serves only to stabilize the colloidal dispersion of the PEDOT blocks allowing for the use of nonacidic dopants and aprotic solvents. Through the selection of one of these PEDOT-based materials, a range of conductivity ͑10 −5 -10 2 S/cm͒, work function ͑5.05-5.4 eV͒, and surface roughness ͑1.2-2.5 nm͒ can be achieved. 11, 16 For many of the materials used as emissive layers in the present OLEDs, it is desirable to avoid the use of water or the presence or excess of an acidic polyelectrolyte like PSS. Wherein, it is useful to employ the steric-stabilized PEDOT-PEG copolymer dispersions ͓Figs. 1͑b͒ and 1͑c͔͒. Because the colloidal stabilization is achieved by a neutral molecule ͑rather than an anionic or acid species like PSS͒, these copolymers do not contain an excess ionic species and the dopant of the PEDOT segments can be chosen independently from the colloidal stabilization mechanism. Thus, PEDOT-PEG copolymers are available with a variety of dopants, including PC and PTS. From the four point pressed pellet and the thin film measurements, the PC-doped PEDOT-PEG exhibited an average conductivity of 0.4 S / cm relative to the PTS doped PEDOT-PEG at 10 −3 S / cm. Although conductivity is an important property for an ICP film, several applications also require strict control of the work function ͑͒ or energy difference between the vacuum ͑E vac ͒ and Fermi energy ͑E F ͒. The work function of a hole transport layer relative to a metallic contact is particularly important with respect to carrier injection as shown in Fig. 2 , where too high of a hole transport layer work function can hinder or ruin hole injection; hence, the lower work function semiconductor ͑i.e., PEDOT-PEG͒ should eliminate the interfacial barrier and lead to a greater hole injection rate. For PEDOT-PSS, a range of work functions is reported 14, 15 from 4.7 to 5.4 eV and it has been found that this level can be tuned to the work function of properly prepared ITO ͑at ϳ4.8 eV͒ so as to form an ohmic contact. 21 This electronic structure and metallic interfacial behavior in PEDOT-PSS is rather fortuitous for those emissive polymers that have a highest occupied molecular orbital offset from the vacuum level around 5.1-5.3 eV due to the efficient hole injection. However, many other interesting emissive polymers or molecules with lower work functions and/or ionization potentials have not been considered due to the large hole injection barriers.
A great amount of research has been done to shed light on the electronic properties of PEDOT-PSS and to understand the role of the PSS dopant. 22, 23 Additional work has focused on the characterization of electrochemically formed films of PEDOT with a variety of anionic dopants. 11, 24 The picture that seems to be emerging is that PSS doped PEDOT is a unique form of PEDOT that significantly differs from the majority of other forms of PEDOT. 16, 25 In fact, PEDOT polymers doped with other anions do not exhibit the electronic properties of commercial PEDOT-PSS. For example, unsubstituted, doped polythiophene has a reported work function of 4.1 eV ͑Ref. 26͒, while other alkyl-substituted polythiophenes range from = 4.0 to 4.6 eV. 27 Even though PE-DOT represents a particularly electron-rich form of polythiophene ͑owing to its diethoxy bridge͒, 28 we still expect its work function to be close to that of related polythiophenes, i.e., lower than 4.6 eV and insensitive to the type of dopant. In fact, we know that PEDOT films grown from various electrolytes, each containing different anions, exhibit very similar redox behavior, rarely differing in their p-doping/dedoping half-wave potentials by more than a few hundred millivolts. 29, 30 Furthermore, the redox properties of PEDOT are not only similar from dopant to dopant, but they are also quite similar to other electron-rich polythiophenes ͑other than monomer oxidation potentials͒. [31] [32] [33] Greczynski et al. found that chemically polymerized PEDOT, doped to 20% with PTS anions exhibited = 4.4 eV, relative to the 5.1 eV typically reported for PEDOT-PSS. Since both PTS and PSS have similar structures ͑physically and electronically͒, it is difficult to explain how PEDOT-PSS exhibits such a different work function ͑5.1 eV͒ compared to the PTS-doped PEDOT ͑4.4 eV͒ from a purely electrochemical standpoint. There simply must be a significant physical difference between PEDOT-PSS and other forms of PEDOT.
From the photoemission secondary cutoff ͑Fig. 3͒, we found that PC-doped PEDOT-PEG has a = 4.33 eV and PTS-doped PEDOT-PEG has a = 4.19 eV relative to clean gold at = 5.10 eV. These values are consistent with a moderately doped ͑20%-30%͒, electron-rich, polythiophene 32 and are closer to the value measured by Greczynski 23 for PEDOT-PTS than for PEDOT-PSS. We also know that PCdoped PEDOT-PEG has a doping level of about 24% based on elemental analysis. Since both of these copolymers share the same basic conjugated and flexible block structure, we postulate that the conductivity differences are due to significantly lower doping levels for PTS than PC-doped PEDOT -FIG. 2. A band diagram for a metal ͑I͒ / intrinsic semiconductor ͑II͒ interface. When the work function of I Ͻ II as shown in ͑a͒ the barrier to hole injection ͑U h ͒ is greater, relative to the reverse situation where the work function of the semiconductor is larger than the metal ͑b͒. Note, this band diagram is not standard band bending and occurs only in the localized interface region. E vac , E C , E F , and E V , respectively, represent the vacuum, conduction, Fermi, and valence band energy levels.
PEG. In fact, the measured work function values do scale with the above doping argument and are in agreement with theories that show for heavier doping of organic semiconductors or intrinsically conducting polymers that the work function should increase. 28, 32 Although electronic and steric effect arguments could be used to explain the work function differences, such arguments are highly spurious in light of the cyclic voltammetric studies where the redox properties of PEDOT are relatively unaffected by the dopant. In other words, the energy levels of the conduction and valence bands of PEDOT differ only slightly among many commonly used dopants and are reflected by the very similar molecular orbital features we observed by photoemission. Therefore, we tentatively propose that the difference in conductivity values between the PC and PTS-doped PEDOT-PEG copolymers is simply a difference in doping levels. Although it is tempting to further extend this argument to make comparisons between PEDOT-PEG and PEDOT-PSS, the inherent differences between the polymer structure, the colloidal stabilizing mechanism, and dopants, make any useful comparisons impossible.
We have determined the work function and conductivity of two solvent dispersible forms of PEDOT: a PC-and a PTS-doped PEDOT-PEG copolymer. The measured work function values are, respectively, 4.33 and 4.19 eV; such values are close to the electrochemically synthesized PEDOT-PTS ͑4.4 eV͒ and other electron-rich polythiophenes, but are very different from the PEDOT-PSS aqueous dispersions ͑5.1 eV͒. These results suggest that the PEDOT-PSS blends are unique materials that are very different from other PEDOTs. Finally, we show that the difference in value between the PTS-doped PEDOT-PEG copolymer ͑4.19 eV͒ and the PC-doped PEDOT-PEG copolymer ͑4.33 eV͒ as well as the results by Greczynski et al. on electrochemically synthesized PEDOT-PTS ͑4.4 eV͒ do scale well with conductivity and doping level trends.
From a device view, PEDOT-PEG doped with PTS, yields a comparable conductivity to the PEDOT-PSS used in present devices for a hole transport layer, but without the corrosive PSS or water dispersion requirements. Furthermore, the much lower work function of PEDOT-PEG doped with PTS opens the door for an uncharted class of emissive polymers with lower band gaps that will allow for a more efficient hole injection. This work was supported by the Defense Microelectronics Activity ͑No. 90-02-2-0218, the NSF through ND EPSCoR ͑No. EPS-0447679͒, and SBIR DMI-0110105. 
